Cellulose films with antimicrobial property were prepared by incorporation of chitosan nanoparticles as antimicrobial agents into the cellulose films. The antimicrobial property of these chitosan nanoparticles-doped cellulose films against Escherichia coli (E. coli) was evaluated via diffusion assay method, minimum inhibitory concentration (MIC) method, and minimum bactericidal concentration (MBC) method. The effects of antimicrobial agent amount, size-related property (nanoparticles and bulk chitosan), and crosslinking by citric acid on antimicrobial activity of cellulose films were studied. It was observed that the antimicrobial activity was enhanced when chitosan nanoparticles were used as compared to when bulk chitosan was used. A maximum E. coli inhibition of 85% was achieved with only 5% (v/v) doping of chitosan nanoparticles into the cellulose films. Crosslinking of the cellulose films with citric acid was observed to have resulted in 50% reduction of water absorbency and a slight increase of E. coli inhibition by 3% for chitosan nanoparticles-doped cellulose films.
Introduction
Most microbes are harmful and can cause numerous disease infections such as diarrhea, respiratory illness, whooping cough, and fever [1] . Noble metals (silver, copper, and zinc) and natural products (essential oil, biopolymer, and organic acid) are among the antimicrobial agents available for prevention of microbial infection [2, 3] . Antimicrobial films were required to prevent microbial growth in food for food packaging industry, wound dressing in medical devices, and clothing in textile industry and footwear industry [4, 5] .
Chitosan was commonly used as an antimicrobial agent and blended with other polymer films to produce antimicrobial films. Some examples are cellulose/chitosan [6] , starch/chitosan [7] , starch/chitosan/lauric acid [8] , guar gum/chitosan [9] , polyethylene oxide (PEO)/chitosan [10] , and glucomannan/chitosan/nisin [11] . Chitosan inhibited and suppressed microbial activities through their electrostatic charge interaction between positive charges on polycationic chitosan molecules (amino groups) with negative charges on microbial surface [12] . This interaction caused disruption on the microbial cells, which then changed their metabolism and led to cell death [13, 14] . However, chitosan was not used in nanoparticulate form. The small size of chitosan nanoparticles rendered them with unique physicochemical properties such as large surface area (providing more cationic sites) and high reactivity and thus could potentially enhance the charge interaction on the microbial surface and lead to more superior antimicrobial effect [15] . Some researchers have incorporated chitosan nanoparticles into starch and hydroxypropyl methyl cellulose (HPMC) films to prepare antimicrobial films. However, their works have focused on the effect of chitosan nanoparticles doping on the film barrier and their mechanical properties. They concluded that the improvement of antimicrobial films properties was attributed to the good interaction between chitosan nanoparticles and polymeric-based films [16, 17] . However, it is also useful to investigate the effectiveness of chitosan nanoparticles-doped antimicrobial films against microbial activity.
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Cellulose is a favourable polymeric material for preparation of antimicrobial films due to their abundant availability (most abundant biopolymers), biodegradability, low toxicity, renewability, and low cost in nature [18] . This work focused on the preparation of chitosan nanoparticles-doped cellulose antimicrobial films and evaluation of their antimicrobial activity via diffusion assay, minimum inhibitory concentration (MIC), and minimum bactericidal concentration (MBC) analysis. The effects of chitosan nanoparticles size-related property (bulky chitosan and chitosan nanoparticles) and the amount of chitosan nanoparticles doping and crosslinking of citric acid on the efficacy of cellulose antimicrobial films were investigated against E. coli.
Materials and Methods

Materials.
Chitosan powder with molecular weight of 100-300 kDa was purchased from Acros Organics (New Jersey, USA). Fibrous cellulose powder CF11 was purchased from Whatman Ltd. (Maidstone, England). Sodium tripolyphosphate (TPP) of technical grade 85% was supplied by Sigma-Aldrich (St. Louis, USA). Acetic acid used was from HmbG Chemicals (Hamburg, Germany), while citric acid and sodium hydroxide (NaOH) were provided by Merck (Darmstadt, Germany). Sodium hypophosphate monohydrate crystal was purchased from J. T Baker (China). Thiourea and urea were supplied from Merck (Hohenbrunn, Germany). The cultivation/assay medium for antimicrobial activities was Müller-Hinton Agar (MHA), purchased from Oxoid (Hampshire, UK). Luria broth (Miller's LB broth) for Escherichia coli (E. coli) for antibacterial activities testing was supplied by Conda Pronadisa (Spain). Analytical grade of Dglucose anhydrous was supplied by Fisher Scientific (UK). Ultrapure water (UPW) (18.2 M Ω) from Water Purifying System (ELGA, Model Ultra Genetic) was used throughout the experiment.
Preparation of Chitosan Nanoparticles.
Chitosan nanoparticles were prepared by using ionic gelation method as reported by Muhammed Rafeeq et al. [19] . 0.3% (w/v) of chitosan was dissolved in 2% (v/v) of acetic acid to form chitosan solution. Sodium tripolyphosphate (TPP) (1% (w/v)) was used as an ionic cross linker. Chitosan nanoparticles were obtained upon the addition of 1 mL of TPP into 10 mL of chitosan solution under sonication at room temperature for 1 hour.
Preparation of Cellulose Films.
Cellulose solution was prepared by dissolution of cellulose powder in NaOH : thiourea : urea (NTU) (8 : 6.5 : 8 w/v (%)) solvent system. The mixture was frozen at −21 ∘ C for 12 hours and thawed in order to obtain homogeneous cellulose solution [20] . Cellulose film was prepared by casting cellulose solution (5% (v/v)) into petri dish, and then it was dried in oven at 60 ∘ C for at least 2 hours until the solution dried and transparent cellulose film was formed. The cellulose film was rinsed with UPW several times to remove excess NTU salt and then dried at room temperature for 24 hours. Then, the film was carefully peeled from the petri dish.
Preparation of Chitosan Nanoparticles-and ChitosanDoped Cellulose Films.
Chitosan nanoparticles-doped cellulose or chitosan-doped cellulose films solutions were prepared by adding various amounts (0.1, 0.5, 1, 5, 10, and 30% (v/v)) of chitosan nanoparticles or chitosan solution into cellulose solution. The mixtures were then magnetically stirred for 30 minutes, transferred into petri dish, and dried in oven at 60 ∘ C to obtain cellulose film. Subsequently, the dried film was rinsed with UPW before drying at room temperature.
Preparation of Cross-Linked
Chitosan NanoparticlesDoped Cellulose Films. Cellulose solution doped with 5% (v/v) of chitosan nanoparticles was used for crosslinking with citric acid. Sodium hypophosphate monohydrate was added to the mixture of citric acid and chitosan nanoparticles solution as catalyst, and the mixture was magnetically stirred and heated at 80-90 ∘ C for 4 hours to allow crosslinking reaction to occur. The solution was then spread evenly into petri dish and dried in oven at 60 ∘ C to allow the formation of film. Finally, the film was washed with UPW and dried at room temperature.
Characterization of Cellulose Films
Scanning Electron Microscopy (SEM) Analysis.
The morphology of the samples was observed using a scanning electron microscope (SEM) (JEOL JSM-6390 LA). The samples were coated with a layer of platinum prior to SEM analysis.
Fourier Transformed Infrared Spectroscopy (FTIR)
Analysis. FTIR spectra of samples were obtained from KBr/ sample pellets within the range of 400-4000 cm −1 on a FTIR spectroscopy (Thermo Scientific, Nicole iS10).
Water Absorbency Analysis.
Water absorbency of the samples was characterized according to the method reported by Liu et al. [21] . The films were cut into 1.5 cm × 3.0 cm pieces and dialysed for 24 hours for complete removal of excessive salt from the film. Then, the films were dried (60 ∘ C) and weighed until constant weight ( 1 ) was achieved. The dried films were immersed in UPW water for 24 hours. Finally, the films were taken out, wiped with filter paper, and were weighed until constant weight ( 2 ) was achieved. Water absorbency was calculated based on the following:
where 2 is the weight of films after immersion and 1 is the weight of films before immersion.
Antimicrobial Studies.
The antimicrobial activity of cellulose antimicrobial films was investigated against the growth 7 CFU/mL of bacteria). 20 mL of bacterial suspension was uniformly spread on the sterile petri dishes of Müller-Hinton Agar (MHA) using sterile cotton swab and pieces of antimicrobial films were placed on the bacterial culture. The plates were sealed and incubated at 37 ∘ C for 24 hours. After the incubation period, clear zones of inhibitions were observed [22] .
Minimum Inhibitory Concentration (MIC).
Twofold serial dilution series of samples were prepared volumetrically for MIC test. 1 mL of Miller's LB broth solutions was prepared in 10 test tubes and the first test tubes were mixed with 1 mL of sample. Then, 1 mL aliquot of the mixed solution in the first test tube was transferred into the second test tube. The same process was repeated until the tenth test tube. The serial dilutions prepared were labelled as 10 −1 to 10 −10 (v/v) solution concentration, respectively. Finally, 1 mL of E. coli suspension were added into the resultant serial dilution series and incubated in incubator shaker at 37 ∘ C for 24 hours.
Minimum Bactericidal Concentration (MBC)
. 20 L of mixture from serial dilution test tubes with no signs of turbidity was transferred and spread on the Müller-Hinton Agar (MHA) plates. The MBC point was determined as the lowest concentration in serial dilution series that shows no colonies growth after 24 hours incubation at 37 ∘ C. The concentration of samples in serial dilution series concentration solution was calculated based on glucose standard curve plotted equation [23, 24] . Percentage of colonies reduction from bacteriostatic effect was determined based on the bacterial colonies calculation using haemocytometer by the following equation:
Percentage of inhibition (%) = Numbers of colonies in control plates − Numbers of colonies in assays Numbers of colonies in control plates × 100. 
Results and Discussion
Surface Morphology.
Homogeneous, transparent, and flexible films were obtained from cellulose doped with various amount of chitosan or chitosan nanoparticles. SEM micrograph of undoped cellulose film is shown in Figure 1 (a). It can be observed that the surface of the cellulose film was smooth and homogeneous. After the addition of 0.1% (v/v) of chitosan into the cellulose film, the surface of the film became coarse as depicted in Figure 1 (b). When chitosan content was increased to 10% (v/v), the films tend to become denser and rougher as shown in Figure 1 (c).
Chitosan nanoparticles with mean particles diameter of 216 nm were incorporated into cellulose film (Figure 1(d) ).
The surface of chitosan nanoparticles-doped cellulose film at 0.1% (v/v) became rougher and studded with dense granulelike structure as depicted in Figure 1 (e). The film exhibited denser structure as the amount of incorporated chitosan nanoparticles increased to 5% (v/v) as shown in Figure 1 (f). The surface of chitosan nanoparticles-doped cellulose film became coarse and slightly cavernous after crosslinking with citric acid (Figure 1(g) ). This might be due to the presence of crosslinking networks between chitosan nanoparticlesdoped cellulose films with citric acid [25] . [26] [27] [28] . In contrast, peak absorption at 1633 cm −1 in Figure 2 (a) was attributed to the OH bending of cellulose absorbed water molecules [26, 27] . The finger print peak absorption of chitosan (amide II and N-H bending vibration) appeared at the 1650 and 1595 cm −1 , respectively [29] .
FTIR
After doping with chitosan and chitosan nanoparticles, OH groups of cellulose were shifted to 3422 and 3409 cm −1 accordingly as revealed in Figures 2(c) and 2(d) , respectively. This was attributed to the presence of OH stretching from chitosan and chitosan nanoparticles functional groups in the cellulose films [30, 31] . Furthermore, the strong peak absorption of OH bending bound of water in cellulose Figure 2 (a); thus this further confirmed that chitosan and chitosan nanoparticles were incorporated into the cellulose antimicrobial films.
The peak at 1153 cm −1 in Figure 2 (d) indicated the overlapping peak of C-O stretching in polysaccharide and formation of chitosan nanoparticles due to the interaction of ammonium ion and phosphate ion in chitosan nanoparticle molecules [29, 33] . It was observed that the incorporation of chitosan and chitosan nanoparticles into cellulose films was not deteriorating the polysaccharide characteristic of the antimicrobial films. This can be proven by the presence of finger print of carbohydrate (C-O stretching) region registered at 1156, 1066, and 894 cm −1 in Figure 2 (c) and 1153
and 900 cm −1 in Figure 2 (d). There are no changes or new peak was observed in the spectrum of chitosan and chitosan nanoparticles-doped cellulose films, indicating that chitosan or chitosan nanoparticles were physically doped into cellulose films [21] .
The result showed the formation of new peaks at 1727 cm −1 in citric acid cross-linked chitosan nanoparticlesdoped cellulose film as presented in Figure 2 (e). The bond was produced from the crosslinking reaction between carboxylic groups (COOH groups) in citric acid with cellulose and chitosan, respectively. The peak at 1727 cm −1 was due to the formation of ester bonding (C=O) resulting from the reaction between COOH groups of citric acid and OH groups of chitosan and cellulose. Meanwhile, the peak at 1418 cm −1 was attributed to the overlapping peak of C-H stretching in the polymer film [29] and C-N stretching of amide bonding, resulting from the interaction between COOH groups of citric acid with amino groups (NH 2 ) from chitosan [34] . The reaction mechanism was shown in Figure 3 .
A shift of the peak from 2900 and 1418 cm −1 to 2905 and 1418 cm −1 was observed after chitosan nanoparticles-doped cellulose film was cross-linked with citric acid (Figure 2(e) ). This shift was related to the presence of citric acid alkane chains in the film structure [35, 36] . After the crosslinking reaction occurred, the polysaccharides glycosidic peak shifted from 900 and 1157 cm −1 to 891 and 1168 cm −1 as depicted in Figures 2(c) and 2(d), respectively [36] .
Water Absorbency Analysis.
Water sensitivity is one of the important criteria for practical application of antimicrobial films in various fields [7, 9] . The water absorption of cellulose, chitosan nanoparticles-doped cellulose film, and citric acid cross-linked chitosan nanoparticles-doped cellulose film is displayed in Figure 4 . Cellulose film showed the highest water absorption percentage (45.71%), followed by chitosan nanoparticles-doped cellulose films (22.86%). The results showed that cellulose film exhibits higher hygroscopicity to absorb more water inside the film membrane. This tendency could be explained by the interaction between OH groups of cellulose film with water molecules [37] . The incorporation of chitosan nanoparticles into cellulose film has made cellulose film less water permeable because chitosan nanoparticles could form hydrogen bond with cellulose molecules, thus decreasing water absorbency. Furthermore, the nanodimension of chitosan nanoparticles formed a rough and compact film structure (as shown in Figure 1(f) ), therefore, decreasing water absorbency of cellulose films [17] .
After crosslinking with citric acid, the water absorbency of chitosan nanoparticles-doped cellulose film was reduced to 47-50%. This was due to the formation of ester bonding via esterification reaction from the carboxylic functional groups (COOH) of citric acid and OH functional groups of cellulose and chitosan polymers. Besides, the presence of alkane groups from citric acid molecules also inherently affected the hydrophobicity of the film [8, 38] . Figure 5 presented the picture of diffusion assay resulting from ( Figure 5(a) ) pure cellulose film; ( Figure 5(b) ) chitosan-doped cellulose film; (Figure 5(c) ) chitosan nanoparticles-doped cellulose film; and ( Figure 5(d) ) citric acid cross-linked chitosan nanoparticles-doped cellulose film. It was observed that plenty of E. coli colonies had covered either on the plate or the surface of the film as shown in Figure 5(a) . Pure cellulose film did not show any inhibitory effects on E. coli due to lack of amino group in their polymer backbones which was responsible for the antibacterial activity [39, 40] . Figures 5(b) and 5(c) showed the results of chitosandoped cellulose films and chitosan nanoparticles-doped cellulose films, respectively. It was observed that there were colonies growing on the agar plates but not on the surface of the film, and this phenomenon led to the formation of surface contact area of antimicrobial films on the agar plates. Such observation was due to chitosan and chitosan nanoparticles being less polar, which makes them diffuse slowly from the films to the agar plates, and consequently surface contact area was formed on the agar plates. On the other hand, the antimicrobial activity of chitosan nanoparticles-doped cellulose films was enhanced after crosslinking with citric acid as shown by the appearance of clear zone in Figure 5 (d).
Antimicrobial Assessment
Diffusion Assay.
This was due to the presence of more polar bonds formed in the cross-linked chitosan nanoparticles-doped cellulose film [41, 42] . Tables 1 and 2 summarized the quantitative studies of antimicrobial activity of chitosan nanoparticles and chitosan-doped cellulose solutions against E. coli. The antimicrobial activity was attributed to the electrostatic interaction between positive charges (amino group) of chitosan with negative charges of microbial surface (from the lipopolysaccharide layer of E. coli) [43, 44] . The charged interaction broke microbial cell wall and disturbed their metabolism, hence leading to inhibition of microbial proliferation [14, 45] . As shown in Tables 1 and 2 , antimicrobial activity of cellulose films was observed to be more effective when chitosan nanoparticles were incorporated as compared to bulk chitosan. The highest inhibition percentage achieved was 85.16%, obtained with 5% (v/v) of chitosan nanoparticles doping. Meanwhile, the highest inhibition percentage of chitosan-doped cellulose film achieved was 81.48%, which was obtained with 10% (v/v) of chitosan doping. The effectiveness of the chitosan nanoparticles-doped cellulose film against E. coli also was proven by the lower MIC and MBC values (10.07 and 13.04 ppm, resp.). On the other hand, MIC and MBC values of chitosan-doped cellulose film were observed to be much higher, which were recorded at 16.37 and 19.70 ppm, respectively. Different from bulky size of chitosan, nanoparticles system of chitosan offers an advantage of high surface area to volume ratio, which could provide more available charge sites (amino group) for microbial interaction [46] . Due to this reason, chitosan nanoparticles-doped cellulose film is more effective as an antimicrobial film as compared to chitosan-doped cellulose film. The percentage of E. coli inhibition decreased after it reached a maximum inhibition percentage at an optimum doping amount of chitosan nanoparticles or bulk chitosan. Tables 1 and 2 showed that the percentage of E. coli activity was reduced from 85.16 to 77.71% and from 81.48 to 77.78% as the chitosan nanoparticles doping increased from 5 to 10% (v/v) and from 10 to 30% (v/v) of chitosan doping. Higher doping amount provided more charge sites (amino groups) and the interaction of charges sites caused the chitosan and chitosan nanoparticles to form cluster and agglomeration. Consequently, limited charge sites available for attachment of E. coli resulted in reduction of antimicrobial activity [48] .
Effect of Chitosan Nanoparticles Doping.
Effect of Citric Acid
Crosslinking. After crosslinking with citric acid, the antimicrobial activity of chitosan nanoparticles-doped cellulose film against E. coli was further investigated, and the results were shown in Table 3 . Cross-linked chitosan nanoparticles-doped cellulose film gave lower MIC and MBC values (8.96 and 10.07 ppm) and higher percentage of E. coli inhibition (88.22%) as compared to films without crosslinking. The results suggested that crosslinking with citric acid could enhance the antimicrobial activity due to the synergistic interaction between chitosan nanoparticles and citric acid in the films, since both of them were antimicrobial agents [34, 49] .
Conclusions
Antimicrobial cellulose films were successfully prepared by incorporation of chitosan nanoparticles in the cellulose films. The antimicrobial activity was greatly influenced by the size-related property of chitosan used (nanoparticles and bulk chitosan) and also the amount of chitosan or chitosan nanoparticles doped into the cellulose films. Chitosan nanoparticles provided more available charged sites (amino group) for interaction with negatively charged bacterial cells, thus having better antimicrobial property. Crosslinking with citric acid enhanced the quality of cellulose antimicrobial film by reducing about 50% of the film's water absorbency and slightly increased E. coli inhibition by 3%. Due to their less hygroscopic and high antibacterial property, the resulting cellulose-based films could potentially be used as antimicrobial films in various fields such as in biomedical, textiles, and food packaging.
